We employed the warm temperate conifer Cunninghamia lanceolata (Lamb.) Hook. as a model of plantation forest species to investigate ecophysiological responses to root treatments (control (0%), and ∼25, 50 or 75% of the initial root mass) under well-watered and water-limited conditions. Our results indicated that total root dry mass accumulation was negatively associated with the severity of root pruning, but there was evidence of multiple compensatory responses. The plants exhibited higher instantaneous and long-term (assessed by carbon isotope composition, δ 13 C) water-use efficiency in pruning treatments, especially under low water availability. Root pruning also increased the fine root/total root mass ratio, specific root length and fine root vitality in both water availability treatments. As a result of the compensatory responses, under well-watered conditions, height, stem dry mass accumulation, leaf/fine root biomass ratio (L/FR), transpiration rate, photosynthetic capacity and photosynthetic nitrogen-use efficiency (E N ) were the highest under 25% pruning. Yet, all these traits except L/FR and foliage nitrogen content were severely reduced under 75% pruning. Drought negatively affected growth and leaf gas exchange rates, and there was a greater negative effect on growth, water potential, gas exchange and E N when >25% of total root biomass was removed. The stem/aboveground mass ratio was the highest under 25% pruning in both watering conditions. These results indicate that the responses to root severance are related to the excision intensity and soil moisture content. A moderate root pruning proved to be an effective means to improve stem dry mass accumulation.
Introduction
Various forest management strategies are used to enhance the productivity of forest plantations. Among these strategies, artificial thinning has been traditionally used to enhance tree growth and reduce the rotation time compared with natural thinning ( Kellomäki et al. 1997 , Tasissa and Burkhart 1997 , Pape 1999 . In addition, branch pruning has sometimes been used to fine-tune stem taper and symmetry in high-quality wood produc-particularly useful tool for optimization of nitrogen and water use in extensive plantation forestry. Clearly more experimental work is needed to optimize root pruning treatments for different species and sites to take advantage of this promising management tool for silviculture.
Plant responses to root excision are complex and encompass many aspects such as changes in hormonal levels (e.g., abscisic acid and cytokinins), water and nutrient status, and gas exchange processes, resulting in changes in growth and biomass allocation patterns ( Geisler and Ferree 1984 , Vysotskaya et al. 2004 , Wajja-Musukwe et al. 2008 , Wang et al. 2014b ). Due to compensatory mechanisms, plant water and nitrogen availabilities are not always adversely affected by a partial root loss ( Blake 1983 , Ferree et al. 1999 , Hartmann et al. 2008 , Wang et al. 2014b ). However, the root severance responses can be critically related to the degree of root excision ( Ferree et al. 1999) .
The compensatory mechanics to cope with reduced capacities of water and nutrient supply due to root loss include an enhancement of root physiological activity of the remaining roots ( Vysotskaya et al. 2004 ) and/or regeneration and rejuvenation of the root system ( Geisler and Ferree 1984, Sudmeyer et al. 2004) . However, the responses to root pruning may be different with different species and/or when additional environmental factors interact with root pruning ( Poni et al. 1992 , Smith and Greenwood 1995 , Krasowski et al. 1999 , Krasowski and Owens 2000 , Sudmeyer et al. 2004 , Dumroese et al. 2013 .
Among these interacting factors, drought is globally the main limiting factor for growth and productivity of trees ( Niinemets 2010 , Ryan 2011 . Drought affects tree growth, morphology and physiological processes in both aboveground and belowground parts ( Li 1999 , Lei et al. 2006 , Zhang et al. 2010 , Ryan 2011 . Our previous study showed that the root characteristics affected tree sensitivity to drought stress more than shoot traits ( Han et al. 2013) . However, the way trees respond to root severance under different watering conditions is still unclear ( Wang et al. 2014b) .
Cunninghamia lanceolata (Lamb.) Hook. is a fast-growing warm monsoon climate evergreen conifer that is widely planted as timber tree in southeastern Asia ( Chen et al. 2000) . The root system of C. lanceolata is characterized by relatively shallow axial primary roots, but well-developed lateral roots ( Chen et al. 2000 , Liao et al. 2014 , and thus, it is a drought-sensitive species. Achievement of economically viable stand productivities requires large amounts of water and nutrients ( Chen et al. 2000 , Wang et al. 2014a , Dong et al. 2015 , and accordingly, it is of particular interest of how to increase the efficiency of nutrient and water use by stand management practices. Here saplings of C. lanceolata were employed as a model of evergreen plantation conifer to investigate the responses to different intensities of root excision under well-watered and water-limited conditions. We evaluated how root severance intensity under different soil moisture conditions affects (i) photosynthetic responses, (ii) biomass allocation and (iii) whether there are compensatory root responses.
Materials and methods

Plant materials
Two-year-old saplings with full root systems and attached soil were carefully excavated in March 2012 from a monoculture plantation of C. lanceolata in the Hongya National Forest Farm in southwestern China (29°47′N, 103°18′E, 1100 m above sea level). The saplings were transplanted to a greenhouse (average day/night temperature ∼25/15 °C; average relative humidity ∼60% during the treatment period) at the Chengdu Institute of Biology, Chinese Academy of Sciences. Individual saplings were grown in plastic pots (volume ∼60 l) filled with 50 kg homogenized soil from the experimental site. On 2 May 2013, saplings with approximately the same crown size and height were chosen for the experiment.
Experimental design
The experimental layout was completely randomized and consisted of combined watering and root severance treatments. Two watering regime treatments, 100 and 35% of field capacity, were used. Each watering regime included 80 individuals (20 individuals per root severance treatment). In a preparatory experiment, the soil outer surface area at the upper edge of the circular pot was divided among four equal quarters (the base of the stem was in the center of the pot) and quadrant sections were vertically cut from the surface down to the bottom of the pot in four pruning treatments (0, 25, 50 and 75% of the surface area) on 23 October 2012. We did not find significant differences in the horizontal distribution of lateral root dry mass of C. lanceolata saplings among the quadrants within the pot (P > 0.05). This evidence suggests that the area of pruning of quadrants within the pot is proportional to the root dry mass within the quadrants. Thus, we potted each C. lanceolata plant in the center of its plastic pot and randomly pruned lateral roots with four intensities, 0% (no pruning), and ∼25, 50 or 75%. Three weeks after the pruning treatments, the plants were subjected to water-limited (35% field capacity) or well-watered (100% field capacity) conditions for 13 weeks. All plants were watered with varying amounts of water every 2 days. Measurements of soil water content (SWC) by a time-domain reflectometer ( Robinson et al. 2003) demonstrated that the average SWC was maintained at 33.7% in the well-watered treatment, and at 11.9% in the waterlimited treatment. Evaporation from the soil surface was prevented by enclosing all pots in plastic bags sealed at the base of the stem of each sapling. In the beginning of the experiment, 0.08 kg m −2 of a slow-release fertilizer (13% nitrogen, 10% phosphorus and 14% potassium) was added to each pot in each treatment. Water availability treatments started on 10 May 2013, and lasted until the plants were harvested on 1 September 2013.
Analyses of plant morphology and biomass
At the end of the experiment (1-3 September 2013), five trees in each treatment were chosen and measured for height growth, basal diameter and maximum crown width (for slightly asymmetric crowns, the latter was determined at the crown side where the canopy was the widest). The trees were harvested and their biomass was separated into leaves, stem, lateral branches, rootstock, fine roots (<2 mm in diameter) and coarse roots (>2 mm in diameter). Current-year leaves were scanned and leaf area was estimated by ImageJ software (National Institutes of Health, Bethesda, MD, USA). A root sample was scanned to estimate root length with a root system analyzer software (WinRhizo, Regent Instruments, Inc., Québec City, QC, Canada). Dry mass of all biomass samples was measured after ovendrying at 70 °C to a constant mass. The specific leaf area (SLA) for current-year leaves was estimated as the ratio of projected leaf area to leaf dry mass. Specific root length (SRL) was calculated as the ratio of the length of sample roots to their dry mass ( Wang et al. 2006) . Plant total dry mass was calculated as the sum of dry masses of all organs, aboveground biomass as leaf dry mass + stem dry mass + lateral branch dry mass, and total root dry mass as fine root dry mass + coarse root dry mass.
Determination of leaf water potential
On 18 and 20 August 2013, the predawn water potential was determined with a WP 4 Dewpoint Potentiometer (Decagon Devices, Inc., Pullman, WA, USA). Measurements were conducted on healthy, fully expanded current-year leaves. Five trees were chosen in each treatment, and the leaf samples were cut with a sharp razor blade, sealed immediately in small plastic bags containing moist paper towels and kept in a cooler for a short time before analyses.
Determination of leaf gas exchange rates
Gas exchange measurements were conducted for the fourth fully expanded and intact current-year leaf in five randomly chosen individuals from each treatment between 08:00 and 11:30 h on 25-28 August 2013 using LI-6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA). After enclosure of leaves, they were stabilized under the measurement conditions for ∼5-20 min to achieve full photosynthetic induction. The measurement conditions-leaf temperature of 25 °C, relative air humidity of 60%, CO 2 concentration of 400 ± 5 μmol mol −1 , leaf-to-air vapor pressure deficit of 1.5 ± 0.5 kPa and photosynthetic photon flux density (D P ) of 1500 μmol m −2 s −1 -were chosen to approximate the local environment in the greenhouse. Once the steady-state gas exchange rates were observed at these conditions, net photosynthetic rate (P N ), stomatal conductance (g s ), transpiration rate (E) and intercellular CO 2 concentration (C i ) were recorded. From these measurements, instantaneous photosynthetic water-use efficiency (E wi ) was calculated as the ratio of P N to E ( Li 1999) . The light-response curves were measured with an LED light source of LI-6400 using a sequence of D p values of 2000, 1800, 1500, 1200, 1000, 800, 500, 300, 200, 180, 150, 120, 100, 80, 50, 30 and 0 μmol m −2 s −1 , while other environmental conditions were as defined above. No photoinhibition occurred during the measurements. Lightsaturated photosynthetic rate (P max , photosynthetic capacity) was determined by fitting the response curves by a nonrectangular hyperbola according to Prioul and Chartier (1977) . The photosynthetic nitrogen-use efficiency (E N ) was calculated as P max divided by leaf nitrogen content per area.
The leaves in the chamber were removed after photosynthetic capacity measurements, they were scanned and their area was estimated by the ImageJ software. Because the leaves measured for photosynthesis did not fill the chamber window, photosynthetic data were recalculated considering the actual leaf area enclosed in the chamber.
Determination of carbon isotope composition and leaf nitrogen content
In addition to leaves used in photosynthesis measurements, additional neighboring leaves were randomly sampled for chemical analyses. Each leaf sample was dried at 70 °C until constant mass. The dried leaves were homogenized in a ball mill for determination of stable carbon isotope composition (δ 13 C) and total leaf nitrogen content. Stable carbon isotope abundance in the combusted samples was measured with a mass spectrometer (Finnegan MAT Delta-E, Bremen, Germany) as described by Li (1999) . The carbon isotope ratios were expressed as the compositional deviations (δ 13 C), calculated according to the following equation: δ 13 C = (R sample /R standard − 1) × 1000, where δ 13 C is calculated relative to the international standard Vienna Pee Dee Belemnite. R sample and R standard are the 13 C/ 12 C ratios of the sample and the standard, respectively. The overall precision of δ 13 C estimation was better than 0.1‰, as determined from three repeated samples. The analysis was performed in the Stable Isotope Laboratory for Ecological and Environmental Research, Chinese Academy of Forestry. The total nitrogen content of leaves was quantified with a Vario MAX CN analyzer (Elementar Analysensysteme GmbH, Hanau, Germany).
Triphenyltetrazolium chloride test
The fresh fine root samples in each treatment were used immediately to assay root vitality using the triphenyltetrazolium chloride (TTC) method according to Ruf and Brunner (2003) . Triphenyltetrazolium chloride reduction is associated with dehydrogenase function that mainly reflects mitochondrial respiratory activity ( Comas et al. 2000) . Briefly, the root samples were taken from the fine root biomass fraction of each plant to yield a sample of ∼0.3 g fresh mass. The roots were sectioned in 1-2 mm long segments, and they were transferred to 2 ml Eppendorf tubes containing 1.5 ml of 0.6% TTC solution in 0.1 M potassium phosphate buffer (pH = 7.0) with 0.05%
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Tween 20. The samples were incubated for 20 h at 30 °C in darkness. During incubation, TTC was reduced to triphenylformazan (TF). After incubation, the TTC buffer was decanted and the root pieces were washed twice with 2 ml of distilled water. To extract the alcohol-soluble TF from each sample, 1 ml of 96% alcohol was added and the samples were vortexed for 10 s. The samples were then centrifuged for 2 min at 10,000g, and the absorption of the alcohol extract containing dissolved TF was measured photometrically at 520 nm. Samples were dried for 48 h at 60 °C and weighed. The reactivity of the samples with TTC was expressed as absorption of TF per gram dry mass (A 520 g −1 DM). Fine roots that were killed by boiling in water at 100 °C for 20 min before being incubated in TTC solution served as controls.
Statistical analyses
Two-way analyses of variance (ANOVAs) were employed to assess the effects of pruning intensity (0, 25, 50 and 75%), watering treatment (100 and 35% field capacity) and their interactions on growth, biomass allocation and leaf characteristics. Trait differences among the treatments were separated by Tukey's honest significant difference (HSD) tests at a significance level of P < 0.05. Before ANOVAs, the data were checked for normality and homogeneity of variances, and log-transformed to correct deviations from these assumptions when needed. All analyses were carried out using the SPSS 16.0 for Windows statistical software package (SPSS Inc., Chicago, IL, USA).
Results
Differences in plant morphology, biomass and allocation
The responses to pruning severity were not always linear, and growth and biomass characteristics were typically affected by the interaction of pruning and watering (Figures 1 and 2 ; Table 1 ). Under both watering regimes, total root dry mass ( Figure 1e ) decreased, but SRL (except for 75 and 50% severance treatments in low water availability treatment; Table 1 ) increased in response to root severance compared with these traits in non-pruned plants. Root pruning increased the fine root/ total root biomass ratio (FR/TR; Figure 2d ). Stem/aboveground biomass ratio in 25% pruning treatment was the highest among the four treatments (Figure 2a) . In well-watered conditions, the ratios of aboveground biomass/total root mass (A/TR; Figure 1b ) in pruning treatments were higher than in non-pruned treatments, but 75% root severance always decreased height, basal diameter, crown width, SLA, and total, leaf, stem, aboveground, total root and fine root dry mass (Table 1; Figure 1 ), while under 25% root severance, height, SLA, SRL, stem dry mass and leaf/ fine root biomass ratio (L/FR) were higher than those in other treatments (Table 1; Figures 1b and 2c) . Under water-limited conditions, root severance led to a decrease in the aboveground growth (lower height, basal diameter, crown width, leaf dry mass and stem dry mass) under more severe root prunings of 50 and 75%, but under 25% root severance, the values of these traits did not differ from those in non-pruned treatments (Table 1 ; Figure 1a and b). The A/TR ratio was not significantly influenced by root severance under water-limited conditions (Figure 2b ). Besides, low water availability treatment significantly decreased height, basal diameter, crown width, SLA, and leaf and total dry mass (Table 1; Figure 1a and f).
Treatment effects on instantaneous gas exchange traits
The interactions between pruning and water availability significantly influenced instantaneous gas exchange parameters, except for P N ( Table 2 ). Significant decreases in P N , E, g s and C i were observed under water-limited conditions in all four root pruning treatments, while the results among pruning treatments varied under well-watered conditions (Table 2 ). Under wellwatered conditions, P N increased upon 25% pruning, and decreased in 50 and 75% treatments similar to water-limited conditions. In addition, E, g s and C i under well-watered conditions were less affected by root severance treatments than those under water deficit ( Table 2) .
Differences in leaf photosynthetic capacity, nitrogen-use efficiency and nitrogen content among the treatments
Light-saturated photosynthetic rate, E N and area-based leaf nitrogen content (N A ) were significantly affected by the interaction between pruning and watering treatments, reflecting the contrasting 25% pruning treatment effects on P max and E N among well-watered and water-stressed treatments (Figure 3a and b) and reduction in N A in well-watered and increase in water-stressed plants with increasing severity of root severance (Figure 3c ). Under well-watered conditions, P max and E N were the highest under 25% and the lowest under 75% root pruning. However, under water-limited conditions, P max , E N and massbased leaf nitrogen content (N M ) decreased with increasing root pruning severity (Figure 3a, b and d ), but N A increased with increasing severity of pruning (except for the 75% treatment; Figure 3c ).
Changes in leaf water potential, E wi and δ 13 C with watering and pruning treatments
Leaf water potential (Ψ) was always lower in water-limited conditions (−2.29 to −1.64 MPa) than in well-watered conditions (−1.28 to −0.81 MPa; Figure 4 ). Leaf water potential decreased with increasing intensity of root pruning in both watering treatments. Reduced water availability significantly increased E wi and δ 13 C in all treatments compared with the well-watered conditions. Under well-watered conditions, the δ 13 C value slightly decreased with increasing intensity of root pruning, while the E wi slightly increased (Figure 5 ). At 25 and 50% pruning treatments under well-watered conditions, neither δ 13 C nor E wi differed from the values observed in non-pruned treatments. Under waterlimited conditions, δ 13 C and E wi significantly increased with increasing root severance ( Figure 5 ). As a result of these partly opposite responses to pruning treatments under different water availabilities, the interactive effects of pruning and watering treatments were significant for both δ 13 C and E wi .
Differences in fine root vitality among the treatments
A significant interactive effect between pruning and watering treatments on fine root vitality was observed ( Figure 6 ). Fine root vitality based on the TTC test was lower in the drought treatment, but it increased with increasing severity of root pruning, especially under high water availability (Figure 6 ). Under lower water availability, the initial increase in 25 and 50% pruning treatment was followed by reduced vitality under 75% pruning ( Figure 6 ).
Discussion
In this study, we discovered that growth, leaf gas exchange, foliage water status and nitrogen content of C. lanceolata saplings were affected by root pruning intensity and watering treatments. Foliage water status and nitrogen contents did not decrease, but the stem/aboveground biomass was higher in 25% treatments than in the other three treatments under well-watered and waterlimited conditions (Figures 1b, 2a, 3c and d, and 4) . Stem biomass accumulation under 25% root pruning in well-watered conditions was significantly increased compared with non-pruned treatment (Figure 1b) . We argue that such an enhancement of stemwood accumulation has important implications for timber production with optimized nutrient and water supply, as C. lanceolata requires large amounts of water and nutrients for high productivity ( Chen et al. 2000 , Liao et al. 2014 , Wang et al. 2014a ). In the following discussion, we attempt to disentangle the effects Figure 1 . Effect of root pruning treatments on the total dry mass and its components in warm temperate conifer C. lanceolata trees in well-watered (light gray) and water-limited (dark gray) conditions: (a) leaf dry mass, (b) stem dry mass, (c) aboveground dry mass, (d) fine root dry mass, (e) total root dry mass and (f) total dry mass. Each value is the mean ± SE (n = 5). The bars with different letters are significantly different at P < 0.05 according to Tukey's HSD tests. The statistical significance of treatments according to ANOVA is denoted as follows: **P ≤ 0.01 and ***P ≤ 0.001; ns, nonsignificant. F P , pruning effect; F W , watering effect; F P × W , pruning × watering interaction effect.
of various factors affecting plant growth and physiology upon combined root pruning and watering treatments.
Modification of biomass and allocation, and morphological traits responses to root excision and watering treatments
Our results show that biomass (including total, leaf, stem and fine root; Figure 1 ) and biomass allocation (aboveground mass/ root, stem/aboveground mass, leaf/fine root, fine root/total root; Figure 2 ) as well as morphological traits (plant height, basal diameter, crown width, SLA and SRL; Table 1) of C. lanceolata are significantly affected by root pruning and watering treatments. These results clearly demonstrate that C. lanceolata growth and biomass allocation are sensitively affected by root excision as observed in several conifers species (e.g., Picea glauca (Moench) Voss, Blake 1983 , Krasowski et al. 1999 ; Pinus nigra Arnold. ssp. laricio var. Corsicana, Girard et al. 1997 ; Pinus palustris Mill., Dumroese et al. 2013) .
In our study, the final total dry mass in 25% pruning was similar to that in the non-pruned treatment (Figure 1f ), although root Figure 2 . Dry mass partitioning in C. lanceolata trees in different root pruning treatments in well-watered (light gray) and water-limited (dark gray) conditions: (a) stem to aboveground mass ratio, (b) aboveground to total root mass ratio, (c) leaf to fine root mass ratio and (d) fine root to total root mass ratio. Each value is the mean ± SE (n = 5). Data presentation and statistical comparisons as in Figure 1 . Table 1 . Height, basal diameter, crown width, SLA and SRL of warm temperate conifer C. lanceolata under different intensities of root pruning in wellwatered and water-limited conditions. F P , pruning effect; F W , watering effect; F P × W , pruning × watering interaction effect. Values (means ± SE, n = 5) followed by the same letters in the same column among root pruning and water supply treatments are not significantly different at the P < 0.05 level according to Tukey's HSD test. The statistical significance of the factors in the ANOVA is denoted as follows: **P ≤ 0.01 and ***P ≤ 0.001.
Soil field capacity (%)
Pruning intensity (%) Height ( 69.5 ± 3.7e 10.62 ± 0.24e 44.8 ± 2.1d 86.4 ± 2.1de 12.4 ± 3.1e P > F P *** *** *** *** *** P > F W *** *** *** *** *** P > F P × W *** *** ** *** *** pruning decreased the initial total dry mass. These results suggest that root pruning enhanced the plant growth rate, expressed as the final total dry mass minus initial total dry mass per unit time ( Poorter et al. 1990 ). Higher growth rate is usually associated with a higher carbon assimilation rate as confirmed in many species ( Poorter et al. 1990 , Chen et al. 2014 ). In our study, higher carbon assimilation capacity (P N ) ( Table 2 ) and light-saturated net photosynthetic rate (P max ) (Figure 3a ) in 25% root pruning treatment under high water availability are in line with these observations. This evidence altogether indicates that there was a compensatory response of C. lanceolata to 25% pruning.
Despite a certain compensatory response, the total root dry mass was always lower under pruning treatments in our study, whereas a higher fine root/total root biomass ratio was observed in the pruning treatments. These results indicate that root pruning treatments resulted in enhanced regeneration of the root system in C. lanceolata. Besides an increase in the fine root/total root ratio, SRL in this study was also found to increase after 4-month pruning treatments compared with the non-pruned treatment. This is an important difference as SRL, which primarily depends on the overall contribution of fine roots, is positively related to root water and nutrient uptake capacity ( Eissenstat Table 2 . Net photosynthetic rate (P N ), E, g s and C i of C. lanceolata leaves under different intensities of root pruning in well-watered and water-limited conditions. F P , pruning effect; F W , watering effect; F P × W , pruning × watering interaction effect. Values (means ± SE, n = 5) followed by the same letters in the same column among root pruning and water supply treatments are not significantly different at the P < 0.05 level according to Tukey's HSD test. The significance of ANOVA is denoted as follows: *P < 0.05 and ***P ≤ 0.001; ns, nonsignificant.
Pruning intensity (%)
10.40 ± 0.41a 4.71 ± 0.16a 0.282 ± 0.014a 311 ± 15a 50 9.05 ± 0.31b 3.61 ± 0.15b 0.194 ± 0.023ab 300 ± 13a 75 6.83 ± 0.37c 2.85 ± 0.08c 0.132 ± 0.011bc 297 ± 21a 35 0 6.59 ± 0.58c 1.87 ± 0.13d 0.084 ± 0.012cd 243 ± 6.0b 25 6.32 ± 0.38cd 1.59 ± 0.10de 0.062 ± 0.001d 221 ± 4.6c 50 4.63 ± 0.18de 1.05 ± 0.06e 0.051 ± 0.002de 207 ± 1.6d 75 3.62 ± 0.17e 0.893 ± 0.034e 0.044 ± 0.003e 197 ± 2.4d P > F P *** * *** *** P > F W *** *** *** *** P > F P × W ns * * * 1991, Pregitzer et al. 2002 , Comas and Eissenstat 2004 , Wang et al. 2006 ). These results suggest that upon partial root system damage, spatial distribution and morphological structure of C. lanceolata root system were importantly adjusted to maintaining water and nutrient transport. This high plasticity resembles observations in several previous studies ( Geisler and Ferree 1984, Sudmeyer et al. 2004 ).
In addition to modifications to root systems, an increase in the allocation to leaves relative to fine roots was found at 25% pruning treatment under high water availability (Figure 2c) . The leaf/fine root biomass ratio quantifies the amount of resources dedicated to leaf carbon assimilation relative to the absorption of nutrient and water in perennials ( James et al. 2005) , being thus an important indicator of functional balance between these processes. This strategy of biomass allocation between leaf and fine root may importantly contribute to maximizing the plant growth rate. Accordingly, such a modification suggests that under this pruning treatment, growth of C. lanceolata did not suffer from limited nutrient and water absorption, as fine root regrowth compensated for partial root excision ( Dunn et al. 1997 , Krasowski and Owens 2000 , Sudmeyer et al. 2004 .
When over 50% of the initial root mass was pruned, a remarkable decrease in whole-plant dry mass was observed, especially under the water-limited condition, although there was still an increase in fine root ratio and SRL. These results suggest that the compensatory responses could not offset severe root pruning, and that the interaction of severe root excision with drought results in particularly severe stress. A remarkable decreases of carbon assimilation rate (Table 2; Figure 3a ) and Ψ in severe root pruning treatments (Figure 4 ) further supported these conclusions.
The effect of root excision and watering treatments on leaf gas exchange, and water and nitrogen status
Leaf gas exchange processes are mainly regulated by leaf g s and/or biochemical potentials, whereas g s is mainly controlled by water availability, and biochemical potentials are primarily limited by nitrogen availability ( Zhang et al. 1997 , Ryan 2011 , Flexas et al. 2015 . Root excision can influence the water and mineral nutrient contents of plants as root pruning directly decreases root absorption area, but the results obtained so far are inconsistent. In this study with C. lanceolata, we observed that leaf gas exchange characteristics (P N and P max , g s ), Ψ and leaf nitrogen content (including mass-based, N M , and area-based, N A ) did not significantly decrease in 25 and 50% pruning treatments under high water availability (Table 2; Figures 3a, c and d, and 4) . This result suggests that water and nutrient uptake capacity were not affected by the pruning treatments.
Two plausible explanations for the maintenance of adequate water and nitrogen supply in root excision treatments have been suggested. According to the first explanation, pruned roots can enhance their physiological activity ( Blake 1983 , Vysotskaya et al. 2004 , Black et al. 2011 , Dumroese et al. 2013 , Wang et al. 2014b ). According to the second hypothesis, the root system can be regrown ( Geisler and Ferree 1984, Sudmeyer et al. 2004 ). In our study, besides a certain regeneration of root system structure (see above), an increase in fine root vitality ( Figure 6 ) was also observed after 4-month pruning treatments, again demonstrating important compensatory responses to root pruning. The enhancement of fine root vitality under pruning treatments suggests improved root metabolic capacity ( Comas et al. 2000 , Ruf and Brunner 2003 , Richter et al. 2007 . As Ψ and leaf nitrogen content were similar among non-pruned and 25 and 50% pruning treatments under well-watered conditions, these results suggest that the increase of fine root vitality in C. lanceolata under partial root system damage has contributed to maintaining water and nutrient transport. Therefore, compensatory responses, partial root system regeneration and increased vitality, can explain how total plant and shoot biomass can be maintained after 25% root pruning (Figure 1c and f) .
However, when 75% of roots were pruned, both Ψ and leaf nitrogen content were always lower than the values in respective controls, especially under the water-limited condition (Figure 3c and d), resulting in a decrease in leaf gas exchange rates, indicating that plants could not compensate for such a severe pruning. One the other hand, N A in 25 and 50% pruning treatments under water-limited conditions exhibited an increase, while N M was constant (Figure 3c and d) , indicating that the increase in N A resulted from pruning-dependent reductions in SLA (Table 1) . This might be a morphological drought adaptation response as lower SLA observed under water-limited conditions can decrease water loss (lower SLA and accordingly lower surface area for given leaf biomass in leaves) through increased leaf density ( Cunningham et al. 1999) .
The responses of water-use efficiency under drought and pruning treatments
In addition to water uptake, effective water utilization is of major importance for economical plantation forestry ( Zhang et al. 1997 , Li 1999 , Flexas et al. 2015 . The productivity of C. lanceolata plantations is currently mainly limited by water availability (Chen et al. 2000 , Wang et al. 2014a , and thus, enhancement of water-use efficiency should be the target of forest management practices in the plantations of this species.
In this study, we considered both the E wi and long-term wateruse efficiency provided by the stable carbon isotope composition (δ 13 C) as conventionally used indicators of the efficiency of plant water use ( Farquhar et al. 1989 , Li 1999 , Chen et al. 2014 , Dong et al. 2015 . The effects of pruning were minor in well-watered conditions, with the E wi slightly increasing and δ 13 C decreasing at the severest pruning treatment ( Figure 5 ). The discrepancy between E wi and δ 13 C was probably primarily due to the different nature of these two traits, in terms of timescale of integration ( Han et al. 2013 , Chen et al. 2014 . In contrast, under water-limited conditions, both E wi and δ 13 C increased under 25 and 50% pruning treatments (Figure 5 ), suggesting a certain compensatory modification of plant water use as observed in previous studies ( Girard et al. 1997 , Hartmann et al. 2008 .
Multiple mechanisms can be responsible for changes in E w in root pruning and drought treatments. Under water-limited conditions, higher E wi (Figure 5a ) was associated with a significantly decreased E (Table 2) , which was reduced more than P N (Table 2) with increasing severity of root excision. Reduction in SLA upon severe pruning as discussed above can result in improved wateruse efficiency ( Wright et al. 2003 , Martin et al. 2010 . Lower SLA can also reduce leaf mesophyll conductance ( Niinemets et al. 2009 ), but the effects of such a reduction on water-use efficiency would depend on relative changes in stomatal and mesophyll conductances ( Flexas et al. 2013 ( Flexas et al. , 2015 .
Analogously, over 25% pruning under low water availability, a greater δ 13 C compared with that in the non-pruned treatment may be due to root severance caused by water stress, resulting in the closure of stomata and increased fixation of 13 C. Previous studies have found that root pruning significantly decreases E in some herbaceous or deciduous woody species ( Poni et al. 1992 , Ferree et al. 1999 . Similarly, root pruning decreased E in C. lanceolata, especially under the water-limited condition. Some studies have found that E N is another important factor affecting E w , as there is a trade-off between E w and E N ( Field et al. 1983 , Wright et al. 2003 , Martin et al. 2010 . Our previous study found that C. lanceolata could increase E N at the cost of E w ( Dong et al. 2015) . In this study, we observed that E N was significantly decreased under the water-limited condition, but E w increased (see above) with increasing severity of root excision. Furthermore, E N was significantly lower (Figure 3b ) and E w higher ( Figure 5 ) at each pruning treatment under drought than under high water availability. Therefore, our results supported the existence of a trade-off between E w and E N across water availability treatments ( Field et al. 1983 , Wright et al. 2003 , Martin et al. 2010 . The results suggested that C. lanceolata improved E w under root excision in water-limited conditions at the cost of decreasing E N . Therefore, these alterations in morphological (e.g., SLA and SRL), structural (fine root ratio), chemical (nutrient content) and physiological (E; fine root vitality) traits can collectively explain increased water-use efficiency in C. lanceolata.
Conclusions
We found that the structural and physiological responses of C. lanceolata to root pruning depended on the intensity of root pruning and soil moisture content. With increasing severity of root pruning, C. lanceolata exhibited greater reductions in growth and gas exchange rates under water-limited than under well-watered conditions. Under 75% root pruning, plant growth and physiological responses revealed that the plants suffered from water and nitrogen deficiencies, in particular under limited soil water availability, although the plants decreased water loss through morphological and physiological modifications (lower SLA and E). Under 25% pruning in well-watered conditions, plants increased height growth, stem biomass accumulation, aboveground/total root ratio, photosynthetic rate and E N , as roots enhanced nitrogen and water uptake through compensatory root-level responses (fine root/total root ratio, SRL and fine root vitality). These findings indicate that the responses of C. lanceolata to root excision are related to the intensity of root excision. A mild (∼25%) root system severance does not adversely affect plant growth, while the effect of drought stress was magnified by root excision when over 50% of the root system was removed. Moreover, an increase in stem biomass and a higher stem/aboveground biomass ratio was observed in 25% pruning. We conclude that this evidence collectively contributes to improving the timber production of planted forests.
